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Abstract 
The purpose of this Major Qualifying Project was to determine the viability of replacing 
the methanolysis Unit Operations II Laboratory experiment with a similar, yet safer, ethanolysis 
experiment. Furthermore, the heating value and emissions profile of biodiesel from ethanolysis 
and methanolysis were compared to petroleum diesel to gain more knowledge on the implications 
of biodiesel. This was done by modifying the existing methodology to utilize ethanol, maintaining 
a 6:1 molar ratio of alcohol to oil and 0.5 wt% potassium hydroxide catalyst. Methyl-biodiesel and 
ethyl-biodiesel were refined through a multi-step process and burned in a combustion unit to 
analyze the emissions concentrations and heating values. 
For methanolysis, rate constants were determined, from which an activation energy of 59.9 
kJ/mol was calculated. For ethanolysis, rate constants were determined, from which an activation 
energy of 49.6 kJ/mol was calculated. Both calculated activation energies fell within the ranges 
provided by literature for the respective transesterification reactions. Additionally, both reaction 
curves followed the patterns predicted by literature.  
On a per mass basis, refined ethyl-biodiesel and refined methyl-biodiesel contained 95% 
and 94% of the heating value of petroleum diesel, respectively. From an emissions standpoint, 
both methyl- and ethyl-biodiesels have significantly lower emissions concentrations than 
petroleum diesel. Furthermore, ethyl-biodiesel has additional emissions benefits over methyl-
biodiesel.  
From the successful kinetics study using ethanolysis, and the added safety benefits, it was 
concluded that ethanol is a viable replacement for methanol in the Unit Operations biodiesel 
experiment. Due to the preliminary indications of its higher heating value and less hazardous 
emissions compared to methyl-biodiesel, ethyl-biodiesel was recommended to be phased into the 
biodiesel market.  
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Executive Summary 
Introduction 
Considering approximately 75% of human-induced carbon dioxide emissions in the past 
20 years are due to fossil fuel combustion, it is clear that people need to reduce their consumption 
and shift their reliance to resources that are both renewable and less impactful on the environment 
[1]. The world uses fossils fuels for an average of 71% of our total energy consumption, and 
combustible renewable sources, such as ethanol and biodiesel, for an average of 20%. However, 
developed countries like the United States tend to use more fossil fuels (84%) and fewer renewable 
combustibles (4%) than underdeveloped countries [2], [3]. Biodiesel is a renewable resource that 
is currently more expensive than diesel, but could significantly decrease the amount of carbon 
dioxide emissions in the world. 
Goals and Objectives 
The purpose of this Major Qualifying Project was to determine the viability of replacing 
the methanolysis Unit Operations II experiment with a similar, yet safer, ethanolysis experiment. 
Furthermore, the heating value and emissions profile of biodiesel from ethanolysis and 
methanolysis were studied to gain more knowledge on the implications of biodiesel fuel. 
These purposes were achieved by executing the following objectives: 
●       Compare the experimental data for the kinetics of base-catalyzed transesterification with  
methanol and ethanol 
●       Determine if the existing Unit Operations methodology can be applied to ethanolysis 
●       Update the Unit Operations pre-laboratory exercise as necessary 
●       Compare the heating value of diesel, and biodiesel from methanolysis and ethanolysis 
●       Determine which biodiesel emissions would be less hazardous for the environment 
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Methodology 
Alcohol, both methanol and ethanol, and canola oil were reacted in a jacketed glass vessel 
in a 6:1 alcohol to oil ratio with 0.5 wt% (oil-based) KOH catalyst. Reactor Master (Syrris) 
software was used to automatically control the reaction and provide a digital log of the experiment. 
Samples were taken at predetermined time intervals and analyzed at the completion of the 40 
minute reaction period. The samples were analyzed using a glycerol enzyme assay and 
colorimetric plate reader. Monitoring the production of glycerol allowed for the study of the 
reaction kinetics and determination of the rate constants at various temperatures, and therefore the 
overall activation energy as defined by the Arrhenius equation.  
Both ethyl- and methyl-biodiesel were refined and combusted. The biodiesel product was 
de-alcoholized in a rotary evaporator, separated from the triglycerides in a separatory funnel, and 
run through a resin column packed with sodium polystyrene sulphonate to remove impurities. 
Petroleum diesel, refined methyl-biodiesel, and refined ethyl-biodiesel were combusted. The 
heating values and emissions were evaluated using a flue gas analyzer, a combustion heater, and a 
heat exchanger. 
Results and Discussion 
Transesterification 
The averaged methanolysis data followed the predicted “S”-shaped curve, indicating initial 
mass transfer limitations. It was also confirmed that the methanolysis reaction is kinetically 
favorable at higher temperatures in that it proceeds faster, producing more glycerol in early time 
periods. 
The rate constants for the methanolysis reaction were determined and the activation energy 
was calculated to be 59.9 kJ/mol, which agrees with the literature values of 26.8-61.5 kJ/mol for 
methanolysis at various operating parameters.  
The average ethanolysis data followed the predicted curve of an immediate increase in 
glycerol concentration followed by a plateau. This shape is indicative of little to no mass transfer 
limitations. Furthermore, it was confirmed that the ethanolysis reaction is also kinetically favorable 
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at higher temperatures. The increase in reaction rate with temperature is not as large with 
ethanolysis as with methanolysis, but it is still present and can be observed. 
The rate constants for the ethanolysis reaction were determined and the activation energy 
was calculated to be 49.6 kJ/mol, which agrees with the literature values of 3.4-51 kJ/mol for 
ethanolysis reactions at various operating parameters.  
Heating Value and Emissions 
 The heating values of refined methyl-biodiesel and refined ethyl-biodiesel were compared 
to the current market standard of petroleum diesel. On a per mass basis, refined ethyl-biodiesel 
contained 95% of the heating value of petroleum diesel and refined methyl-biodiesel contained 
94% of the heating value of petroleum diesel. Not only did ethyl-biodiesel have a higher heating 
value than methyl-biodiesel, but it also had 59%, 34%, and 35% less carbon monoxide, nitrogen 
monoxide, and nitrogen oxides, respectively, compared to methyl-biodiesel’s 55%, 19%, and 20%. 
Conclusions and Recommendations 
It was determined that the kinetics of ethanolysis are similar to those of methanolysis, but 
without mass transfer limitations, which agreed with literature. The Unit Operations methodology 
allowed for the successful study of the kinetics of ethanolysis as well. It was therefore 
recommended to utilize ethanol instead of methanol as the alcohol agent in the transesterification 
Unit Operations experiment due to its less hazardous nature. The Unit Operations pre-laboratory 
exercise was updated for utilizing ethanol instead of methanol, as well as to provide clarity on 
experimental objectives. It was also recommended that ethyl-biodiesel be phased into the biodiesel 
market as an alternative to methyl-biodiesel due to the preliminary indications of its higher heating 
value and less hazardous emissions.  
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1.  Introduction 
The change in the global climate has been described as being caused primarily by human 
actions, specifically exponential population growth and overconsumption of natural resources such 
as fossil fuels [4]. Carbon dioxide concentrations have increased by over 30% since pre-industrial 
times, with half of this increase since 1965, and the global mean surface temperatures have 
increased 0.6°C since the late 19th Century (0.2-0.3°C over the past 40 years) [5]. Considering 
approximately 75% of human-induced carbon dioxide emissions in the past 20 years are due to 
fossil fuel combustion, it is clear that people need to reduce their consumption and shift their 
reliance to resources that are both renewable and less impactful on the environment [1]. One such 
alternative fuel is biodiesel, the consumption of which has increased over 400% since 2010 [6]. 
Experience with renewable fuels like biodiesel can educate current and future engineering students 
of their environmental benefits, which may further increase consumption in the future.    
The Chemical Engineering and Environmental Engineering Departments at Worcester 
Polytechnic Institute are accredited by the Accreditation Board for Engineering and Technology, 
Inc., or ABET. ABET is a non-governmental organization recognized by the Council for Higher 
Education Accreditation that accredits college and university programs in the disciplines of applied 
science, computing, engineering, and engineering technology [7]. The WPI Chemical Engineering 
and Environmental Engineering curricula have defined student outcomes to meet ABET 
accreditation, including: 
● an ability to design and conduct experiments, as well as to analyze and interpret data 
● an ability to design a system, component, or process to meet desired needs within realistic 
constraints such as economic, environmental, social, political, ethical, health and safety, 
manufacturability, and sustainability  
● an ability to use the techniques, skills, and modern engineering tools necessary for 
engineering practice 
The Unit Operations course is a senior-level laboratory practicum in the Chemical 
Engineering curriculum. The purpose of the Unit Operations class is to apply engineering 
principles of fundamental chemical engineering theories. Laboratory experiments require practical 
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knowledge of key topics such as fluid mechanics and heat and mass transfer, as well as provide 
students with an introduction to industrial equipment like packed towers, reactors, and evaporators. 
The experiments are furthermore designed to meet ABET student outcomes.  
One existing Unit Operations experiment is the transesterification of canola oil to produce 
biodiesel using methanol and a potassium hydroxide catalyst. The reaction kinetics are studied 
throughout the process to analyze the effects of temperature and determine the activation energy 
of the reaction. This Major Qualifying Project researches modifying this experiment to utilize 
ethanol instead of methanol as a significantly less hazardous material. Additionally, there is a Unit 
Operations experiment being developed that uses a combustion unit and flue gas analyzer to 
measure the heating content and emissions concentrations of a fuel source. This Major Qualifying 
Project utilizes this equipment to analyze the environmental implications of biodiesel, while 
providing additional information to the experiment development team.  
Section 2 discusses the history of biodiesel, the safety benefits of ethanol, the details of 
transesterification and the Unit Operations Experiment, and the effects of biodiesel combustion. 
Section 3 outlines the methods by which we achieved our goals regarding transesterification and 
emissions research.  Sections 4 and 5 provide the results and conclusions of our research.  
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2.  Background 
2.1 History of Biodiesel 
The first achievement in the development of biodiesel and the diesel engine was the 
establishment of the transesterification reaction. E. Duffy and J. Patrick conducted 
transesterification in 1853 [8], [9]. Transesterification is the process of converting vegetable oils 
or animal fats into monoalkyl esters, or biodiesel [8]. However, the inception of the diesel engine 
began four decades later when Dr. Rudolph Diesel published “The Theory and Construction of a 
Rational Heat Engine” [8], [10]. Dr. Diesel applied Sadi Carnot’s theory of compression ratios to 
the internal combustion engine, and his compression-ignition engine was patented in 1893 and 
first demonstrated in 1897 [8]. 
This engine was innovative because it could utilize a variety of fuels, ranging from coal 
dust to kerosene. This versatility allowed the application of vegetable oils, which were found to 
have high energy content, and therefore make excellent fuels. This application led to France 
commissioning the Otto Company to use peanut oil in a diesel engine at the 1900 World’s Fair in 
a hope to enable a domestic fuel made from vegetable oils for African Colonies. Dr. Diesel realized 
that vegetable oils could also be utilized as a fuel that farmers could produce themselves, and 
devoted much of his time into researching vegetable oil fuels. At the 1911 World’s Fair in Paris, 
Dr. Diesel demonstrated his diesel engine using peanut oil, stating, “the diesel engine can be fed 
with vegetable oils and will help considerably in the development of the agriculture of the countries 
which use it” [8]. However, shortly after Dr. Diesel’s death in 1913, petroleum became widely 
available in multiple forms, including today’s modern diesel fuel. Petroleum-based diesel fuel soon 
became the standard because it was so widely available and affordable, which led to biodiesel 
falling out of favor. The diesel engine was adapted for the combustion of petroleum-based diesel, 
essentially eliminating the use of other fuels.  
Fuel shortages, and the Second World War, led to price spikes in petroleum products, 
which temporarily renewed interest in vegetable oils over diesel fuels. However, because the diesel 
engine had been changed to suit petroleum-based diesel, vegetable oils were too viscous to be 
used. This sparked research into making vegetable oils less viscous. In 1937, G. Chavanne 
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obtained a patent for using transesterification to transform vegetable oils into a usable biodiesel 
fuel. This process established by G. Chavanne is what is now used for today’s modern biodiesel.  
It wasn’t until the 1980s that the use of vegetable oils as an alternative fuel to petroleum 
was proposed. Vegetable oils are advantageous due to their portability, ready availability, 
renewability, higher heat content, lower sulfur content, lower aromatic content, and 
biodegradability. Despite this, commercial production did not begin until the late 1990s [8]. In 
recent years, there has been growing concern with petroleum-based diesel’s lack of sustainability 
and harmful emissions. This has led to a renewed interest in biodiesel because it can be produced 
sustainably and it possesses a “clean emissions profile”; however, biodiesel has not yet been 
implemented on a large scale. 
2.2 Transesterification  
Biodiesel can be produced in a variety of ways, including blending, microemulsions, 
pyrolysis, and transesterification. Transesterification is currently the most utilized method of 
producing biodiesel [11]. Also known as alcoholysis, transesterification is the displacement of 
alcohol from an ester by another alcohol. When methanol is used as the displacing alcohol, the 
transesterification reaction is called methanolysis, as pictured below: 
 
Figure 2-1: Overall Transesterification Reaction with Methanol 
The fatty acid esters, in this case methyl esters, are the biodiesel product. A strong acid or base 
catalyst is needed to accelerate the reaction [12].  
Transesterification is used to convert renewable feedstocks such as vegetable oils or animal 
fats into shorter monoalkyl esters like methyl esters that have properties more similar to those of 
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diesel fuels; this process reduces the molecular weight by a factor of three, reduces the viscosity 
by a factor of eight approximately,  and increases the volatility marginally [13].  
As mentioned above, methanol is the most commonly used alcohol for transesterification 
due to its low cost, availability, and suitable physical and chemical properties [14], [15]. It is, 
however, extremely toxic and has various safety concerns, further discussed in Section 2.2.6 
Safety. As methanolysis has been the primary pathway for transesterification, it has been 
extensively studied, and there are various papers that discuss the kinetics of the reaction [16].  
The use of ethanol in transesterification is increasing for various reasons. Ethanol has 
higher solubility for vegetable oils than methanol and is less toxic [14], [15]. Ethanol is also 
renewable as it primarily comes from biomass. Producing ethyl esters rather than methyl esters 
also improves the renewability of biodiesel as an entirely agricultural fuel, as well as slightly 
increasing the heat content and cetane number due to the extra carbon atom, and lowering the cloud 
and pour points which improves cold starts [14], [17]. However, the separation of ethyl esters and 
glycerol is more difficult than with methyl esters [12]. One of the largest concerns with using 
ethanol for transesterification is the formation of emulsions. Emulsions form in all 
transesterification reactions due to the formation of monoglyceride and diglyceride intermediates, 
which have both polar and nonpolar components. In the case of methanol, emulsions quickly 
dissipate to form a glycerol rich lower layer and methyl ester rich upper layer. In the case of 
ethanol, emulsions are more stable due to the larger non-polar group, and thus complicate the 
separation and purification of esters. However, if the concentration of monoglyceride and 
diglyceride intermediates are low enough, then the emulsions become unstable as with 
methanolysis [12]. It is therefore very important that ethanolysis reactions go to near completion 
so as to minimize the intermediate concentrations.  
The transesterification reaction is affected by various variables, including catalyst, 
temperature, molar ratio of alcohol, and mass transfer.  
2.2.1 Catalyst 
As mentioned above, a strong acid or base catalyst is needed in the transesterification 
reaction to accelerate the conversion of triglycerides.  Alkaline metal alkoxides and hydroxides 
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are the most effective catalysts, but sodium and potassium hydroxide are frequently used because 
they are lower in cost and easier to handle [14], [17]. An alkaline catalyst concentration from 0.5-
1 wt% yields 94-99% conversion of vegetable oil into esters. Furthermore, an alkali-catalyzed 
reaction proceeds approximately 4000 times faster than an equal acid-catalyzed reaction, and 
alkaline catalysts are less corrosive to equipment [13], [18]. However, the base catalyzed reaction 
is very sensitive to the free fatty acid (FFA) content and research suggests that a FFA content over 
3% requires an acid catalyst [12], [17].  
2.2.2 Temperature 
The rate of the transesterification reaction is strongly influenced by temperature, but will 
proceed at room temperature [13], [17]. This is indicated by Figure 2-2 below, which demonstrates 
the temperature dependence of transesterification of sunflower oil with ethanol [14]. The highest 
yields of esters occurs near the boiling point of the alcohol used (in this case, near the boiling point 
of ethanol, 78°C).  
 
Figure 2-2: Temperature Dependence of Transesterification 
2.2.3 Molar Ratio 
Figure 2-2 above was determined using a 6:1 molar ratio of alcohol to oil. It is more 
favorable to shift the transesterification reaction to the right for higher ester yield, and this is 
achieved primarily by increasing the alcohol to oil ratio. A molar ratio of 6:1 is suggested for 
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maximum conversion, but other literature suggests up to a 9:1 ratio depending on oil and alcohol 
type [12], [17]. While increasing the molar ratio shifts equilibrium to the right, too large of a molar 
ratio interferes with the separation of products because there is an increase in glycerol solubility 
in the alcohol [17].  
2.2.4 Mass Transfer Limitations 
Both methanol and ethanol are not miscible with triglycerides at ambient temperature, so 
the mixture is stirred to improve mass transfer and initiate the transesterification reaction. 
Monoglycerides and diglycerides are miscible with methanol and ethanol, so once the reaction 
proceeds to the right and a single phase is established, mixing becomes relatively insignificant 
[13]. These mass transfer limitations can be observed in a plot of methyl ester concentration over 
time. There is an initial mass transfer controlled region before the reaction kinetics dominate and 
give way to an equilibrium period. The initial mass transfer controlled region is not observed in 
production of ethyl esters. Despite this, ethanolysis reactions are still mechanically agitated to 
ensure proper mass transfer and to encourage representative sampling [14]. 
2.2.5 Kinetics 
The kinetics of the transesterification reaction has been modeled multiple times using 
various methods, oils, and catalysts at varying concentrations of each. Different research has 
suggested multiple mechanisms, but in general, second order kinetics for all three reversible 
reactions provided a satisfactory mechanism [19]. Marjanovic et al suggested irreversible pseudo 
second order during the initial period and reverse second order close to equilibrium. Richard et al 
found that a pseudo second order model was more compatible with the ethanolysis of base-
catalyzed sunflower oil than first order kinetics. Vicente et al also agrees that the base-catalyzed 
methanolysis of sunflower oil follows a pseudo second order kinetic model. Other research, 
however, found transesterification reactions following pseudo first order kinetics, pseudo second 
order kinetics, and combinations of second order consecutive and fourth order shunt reactions [16]. 
Some of this research is described in more detail in Table 2-1.  
From the overall reaction pictured in Figure 2-1, the proposed transesterification mechanism is: 
TG + M ↔ BD + DG  (1) 
DG + M ↔ BD + MG (2) 
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MG + M ↔ BD + G  (3) 
 
Modeling the reversible reactions further results in: 
TG'(t) = k1TG(t)M(t)  k2BD(t)DG(t)   
DG'(t) = k1TG(t)M(t)  k2BD(t)DG(t)  k3DG(t)M(t)  k4BD(t)MG(t)   
MG'(t) = k3DG(t)M(t)  k4BD(t)MG(t)  k5MG(t)M(t)) + k6BD(t)G(t) 
M’(t) = k1TG(t) M(t)  k2BD(t)DG(t)  k3DG(t)M(t)  k4BD(t)MG(t)  k5MG(t)M(t)+k6BD(t)G(t)  
BD'(t)= k1TG(t)M(t)  k2BD(t)DG(t)  k3DG(t)M(t)  k4BD(t)MG(t)  k5MG(t)M(t) – k6BD(t)G(t) 
G'(t) = k5MG(t)M(t) – k6BD(t)G(t) 
 
Vicente et. al studied the base-catalyzed methanolysis reaction of sunflower oil and 
developed a mathematical model that defines the forward and reverse reactions outlined in the 
equations above. The model was able to determine the individual rate constants at varying 
operating conditions.  
With a working mechanism, the Arrhenius equation is studied as follows: 
𝑘 = 𝐴𝑒−𝐸𝐴 𝑅𝑇⁄  
 
Where k is the rate constant, A is the pre-exponential factor, EA is the activation energy, R is the 
gas constant, and T is the absolute temperature in Kelvin. Rearranged: 
 
ln(𝑘) = ln(𝐴) −
𝐸𝐴
𝑅
(
1
𝑇
) 
 
From this analysis, the activation energy is determined. Table 2-1 below summarizes the results of 
various transesterification research. An extended version can be found in Appendix A.  
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Table 2-1: Compilation of Transesterification Kinetic Research 
Oil Alcohol Catalyst (wt%) Alcohol 
Ratio 
Temperature 
(°C) 
Kinetic Model EA Source 
Palm Methanol KOH 1.0 6:1 55-65 3 consecutive second 
order reactions 
26.8-
61.5 
[14] 
Sunflower Methanol KOH 0.5-1.5 6:1 25-65 three second order 
reactions 
31.0-
59.6 
[16] 
Sunflower Methanol KOH 1.0 6:1 10-30 overall irreversible 
second order, reversible 
second order in final 
phase 
33.2-
53.5 
[14] 
Sunflower Ethanol NaOH 
0.75,1.00,1.25 
6:1, 9:1, 
12:1 
25-75 overall irreversible 
second order, reversible 
second order in final 
phase 
3.4-
43.9 
[14] 
Sunflower Ethanol 1.0 EtONa 6:1 30-60 pseudo second order 51 [20] 
Palm Ethanol 1.0 EtONa   irreversible second 
order 
42 [15] 
 
2.2.6 Safety  
Both ethanol and methanol are hazardous as an eye and skin irritant as well as when 
ingested and inhaled; they are also flammable and have similar flash points. Potassium hydroxide 
is very hazardous in case of skin contact, eye contact, ingestion, and inhalation. In order to protect 
equipment and operators, personal protective equipment (PPE) such as gloves and safety glasses 
should be worn at all times. Further, the process should be vented to reduce the chance of inhalation 
exposure.  
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While ethanol and methanol both exhibit toxic properties, those of ethanol are significantly 
less dangerous to human health than methanol. The Emergency Response Planning Guidelines 
(ERPG) and Acute Exposure Guideline Levels (AEGL) were compared in Table 2-2 below, and 
are measured in parts per million in air. Level 1 indicates 60 minutes of exposure with no 
irreversible serious health impacts. Level 2 indicates 60 minutes of exposure with recoverable 
health impacts and reversible bodily harm. Level 3 indicates 60 minutes of exposure that can cause 
life threatening or fatal health impacts. Table 2-2 indicates that it requires nearly three times the 
exposure to ethanol than methanol for Level 1 impacts.  
Table 2-2: Toxicity of Ethanol and Methanol 
ERPG/AEGL Level Methanol Ethanol 
1 530 ppm 1800 ppm 
2 2100 ppm 3300 ppm 
3 7200 ppm N/A 
 
Furthermore, the acute toxicological data shows that the lethal vapor concentration (LC50) 
for methanol is 64,000 ppm in 4 hours, while the lethal vapor concentration for ethanol is 20,000 
ppm in 8 hours (both tested on rats). The risk of methanol inhalation is also higher than ethanol 
inhalation because the vapor pressure of methanol is higher than that of ethanol. [21], [22]. The 
lethal dermal dose (LD50) for methanol is 15,800 mg/kg, while the lethal dermal dose for ethanol 
is 20,000 mg/kg (both tested on rabbits) [23]. The risk for inhalation or skin contact is much higher 
than the risk of ingestion when it comes to laboratory applications of methanol and ethanol in 
transesterification, but these values can be found in Appendix B.  
2.3 Unit Operations of Transesterification  
The methanolysis of canola oil is currently studied in the Unit Operations Laboratory at 
Worcester Polytechnic Institute. The experiment analysis includes understanding the complex 
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kinetic model suggested for the transesterification reaction, modeling the reaction as pseudo 
second order, determining the rate constants and activation energy, and studying the temperature 
and mass transfer effects on the base-catalyzed reaction. The existing pre-laboratory document can 
be found in Appendix C.  
The first objective of the Unit Operations experiment is to understand the kinetics of 
transesterification and confirm that the pseudo-second order mechanism is valid. Section 2.2.5 
Kinetics above describes the kinetics of transesterification in detail, in particular the Vicente et al 
mathematical model that is further used in this section.  
Assuming second order kinetics, a plot of inverse oil concentration versus time will yield 
a line with slope k, the reaction constant. With pseudo-second order kinetics, the plot might yield 
a curve with a linear portion, particularly in the beginning of the reaction where it proceeds the 
fastest. Using the Vicente et. al mathematical model at 35°C, 6:1 methanol to oil ratio, and 0.5wt% 
KOH, it was determined that the overall rate constant was 0.7. 
A simplified pseudo-second order mechanism results in: 
𝑑𝑂
𝑑𝑡
= −𝑘 ∙ [𝑂]2 
Using the determined value of the overall rate constant k from the above, the pseudo-second order 
equation can be solved. A graphical comparison of the Vicente et. al model and the pseudo-second 
order model, as depicted in Figure 2-3, allows students to determine that the pseudo-second order 
kinetics model is a valid assumption for this transesterification experiment.  
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Figure 2-3: Comparison of Vicente Mathematical Model and Pseudo-Second Order Model 
The second objective of the Unit Operations experiment is to study the temperature effects 
of the transesterification reaction. Studying the reaction at multiple temperatures allows an analysis 
of the Arrhenius equation described in Section 2.2.5 Kinetics.  
The third objective of the Unit Operations experiment is to study the mass transfer 
limitations of the transesterification reaction using methanol. The plot of oil concentration over 
time should yield an S-shape curve which indicates an initial mass-transfer controlled region 
followed by a kinetically controlled region, ending with a region near equilibrium [16].   
2.3.1 Lab Outcomes 
Aside from the aforementioned objectives, the intended outcomes of the lab are learning 
how to maintain an electronic batch record and to practice proper lab safety. The electronic batch 
record is kept by utilizing a computer software to execute the experiment and manually inputting 
procedural comments into the record.  The safety aspect is achieved by having students familiarize 
themselves with the MSDS, wear proper PPE, having the process reactors located in a fume hood, 
and having the electronic controls located outside of the hood. From this, students should take 
away a knowledge of the precautions necessary when dealing with caustic and flammable 
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chemicals in unit operations. Furthermore, the enzyme assay used to measure the reaction exposes 
students to enzyme reactions and practice of micropipetting techniques.  
2.4 Combustion of Biodiesel  
Biodiesel offers significant greenhouse gas emission benefits over petroleum-based diesel 
when used to fuel a car. Even with the current move towards higher government regulations on 
motor vehicle emissions, incorporating biodiesel as a fuel source will positively impact the 
environment further.  Figure 2-4 below shows the change in emissions resulting from the 
incorporation of biodiesel. Despite the increase in nitrogen oxides, the decrease in other 
greenhouse gas emissions is much more significant. For example, a 20% biodiesel blend increases 
nitrogen oxides by less than 2%, yet decreases particulate matter by about 11%, carbon monoxide 
by about 12%, and hydrocarbons by about 20%. This shows that incorporating biodiesel into fuel 
sources can have a major impact on the environment.  
 
Figure 2-4: Biodiesel Blending Impacts on Emissions [24] 
Figure 2-5 below shows the percent reduction of greenhouse gases comparing pure 
biodiesel (B100) and a 20% biodiesel blend (B20). It stresses the importance of higher blends of 
biodiesel due to the higher potential for greenhouse gas reduction. 
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Figure 2-5: Effect of Biodiesel Blending on Greenhouse Gas Reduction [25] 
 
Figures Figure 2-4 and Figure 2-5 are based on using methyl-biodiesel. Producing biodiesel 
with ethanol has only recently emerged, resulting in very limited studies on the combustion 
products of ethyl-biodiesel compared to those of methyl-biodiesel. Due to the renewable nature of 
biodiesel that has been discussed, one can conclude that both methyl- and ethyl-biodiesel would 
be a more environmentally friendly choice than petroleum-based diesel, but research has shown 
ethyl-biodiesel might be a more favorable choice. This is due to ethyl-biodiesel being a completely 
agricultural fuel. Ethyl-biodiesel creates ethyl esters which increase the heat content, cetane 
number, and have a less negative effect on the environment compared to methyl esters [14], [17]. 
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3.  Methodology 
3.1 Objectives 
The purpose of this Major Qualifying Project was to determine the viability of replacing 
the methanolysis Unit Operations II experiment with a similar ethanolysis experiment. 
Furthermore, the heating value and emissions profile of biodiesel from ethanolysis and 
methanolysis were compared to petroleum diesel to gain more knowledge on the implications of 
biodiesel fuel.  
These purposes were achieved by executing the following objectives: 
● Compare the experimental data for the kinetics of base-catalyzed transesterification 
with methanol and ethanol 
● Determine if the existing Unit Operations methodology can be applied to ethanolysis 
● Update the Unit Operations pre-laboratory exercise as necessary  
● Compare the heating value of diesel, and biodiesel from methanolysis and ethanolysis 
● Determine which biodiesel emissions would be less hazardous for the environment 
3.2 Summary 
Alcohol and canola oil were reacted in a jacketed glass vessel in a 6:1 alcohol to oil ratio 
with 0.5 wt% (oil-based) KOH catalyst. Reactor Master (Syrris) software was used to 
automatically control the reaction and provide a digital log of the experiment. Samples were taken 
at predetermined time intervals and analyzed at the completion of the 40 minute reaction period. 
The samples were analyzed using a glycerol enzyme assay and colorimetric plate reader.  
Both ethyl- and methyl-biodiesel were refined and combusted. The biodiesel product was 
de-alcoholized in a rotary evaporator, separated from the triglycerides in a separatory funnel, and 
run through a resin column to remove impurities. The refined biodiesel was combusted and the 
heating value and emissions were evaluated.  
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3.3 Biodiesel Production 
3.3.1 Equipment 
The biodiesel pilot plant consisted of one 250mL and one 500mL jacketed glass vessel 
inside a fume hood; the vessel temperatures were controlled by circulating heated water baths. The 
250mL reactor was the catalyst preparation reactor, where alcohol was measured, heated, and 
reacted with the potassium hydroxide catalyst. The 500mL reactor was the process reactor, where 
the oil was measured, heated, and mixed with the alcohol/catalyst solution. The two vessels were 
connected by a peristaltic pump. Alcohol and oil were provided to the system by separate peristaltic 
pumps and storage vessels. Each reactor vessel was stirred by a sparkless and brushless overhead 
electronic stirrer to ensure mixing and encourage representative sampling. Figure 3-1 below 
demonstrates the reactor system.  
 
Figure 3-1: Pilot Biodiesel Reactor 
3.3.2 Determining Operating Parameters 
As discussed in the Section 2, the ideal conditions for transesterification are a 6:1 alcohol 
to oil ratio and 0.5-1 wt% alkaline catalyst. For conservation of resources and to encourage 
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dissolution, a catalyst concentration of 0.5 wt% (oil-based) was selected. Given the total volume 
of 500mL, it was determined that 337.4 g (366.8 mL) of oil, 105.1 g (133.2 mL) of ethanol, and 
1.687 g of KOH would be required (see Appendix D for calculations). For methanolysis, it was 
provided that 368 g (400mL) of oil, 78.9g (100 mL) of methanol, and 1.84g of KOH would be 
required.   Even though the optimum operating temperature would be near the boiling point of the 
alcohol (approximately 78°C for ethanol, 64.7°C for methanol), the experiment was operated at 
25°C, 35°C, and 45°C in order to study the temperature dependence of the reaction and calculate 
the activation energy. Furthermore, since it was shown that both transesterification reactions will 
proceed at near room-temperature, it was an unnecessary safety hazard to operate at higher 
temperatures.  
3.3.3 Reactor Preparation 
Reactor Master software was utilized in operating the reactor system. There was an existing 
Reactor Master file for the methanolysis reaction, which was edited for the ethanolysis reaction. 
The file was changed to modify equipment names and adjust the weight parameters of the oil, 
ethanol, and catalyst. The file was manipulated on a regular basis to adjust for the desired reaction 
temperature. Temperature manipulation of the file also occurs in the Unit Operations experiment 
and is the only manipulation required. Figure 3-2 through Figure 3-4 below show the Reactor 
Master software and the interfaces that are used in the Unit Operations experiment in addition to 
this research.  
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Figure 3-2: ReactorMaster Equipment View 
 
Figure 3-3: ReactorMaster Recipe View 
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Figure 3-4: ReactorMaster Run View 
3.3.4 Sampling and Sample Dilution 
The sampling time intervals were determined based on a general understanding of the 
transesterification reaction. The ethanolysis reaction was not expected to exhibit an initial mass-
transfer limited phase; therefore, the rate of the reaction increased quickly from initial contact of 
the ethanol mixture and oil [14]. At the determined time intervals, 40 μL were withdrawn from the 
reactor and quenched in 40 mL of chilled distilled water in a 50mL centrifuge tube to achieve a 
concentration of 1 mM. The sample concentration of millimolar corresponds to a reactor 
concentration of molar. Due to this, all graphs in this report cite units of molar concentrations of 
glycerol. The sample was then well mixed in a Lab Line Super-Mixer and chilled for the remainder 
of the experiment.  
3.3.5 Glycerol Assay 
The conversion of canola oil to biodiesel was monitored by the production of glycerol. An 
enzyme assay (BioAssay Systems EnzyChrom(™) Glycerol Assay Kit) was utilized to determine 
the glycerol concentration at each sample time.  
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The assay was comprised of a working reagent and sample volumes in a 96 well plate. The 
working reagent reacted with the glycerol in the sample volumes and produced varying color 
intensities, which were read by a colorimetric microplate reader.   
3.3.5.1 Reagent Preparation 
Table 3-1 below outlines the components and their concentrations in the working reagent. 
The volumes provided are for one sample volume. Each transesterification experiment required 20 
volumes of working reagent including four glycerol standard samples.  
Table 3-1: Components of Working Reagent Solution 
Component Volume Required for One Sample 
Buffer Solution 100 μL 
Dye Reagent 1 μL 
ATP 1 μL 
Enzyme (glycerol kinase, glycerol phosphate 
oxidase) 
2 μL 
 
The glycerol standard was prepared by combining the volumes of glycerol and distilled 
water listed in Table 3-2 below in separate cuvettes, labeled one, two, three, and four.  
Table 3-2: Glycerol Standard Measurements 
 Volume of 
Glycerol 
Standard 
Volume of 
Distilled Water 
Total Volume Corresponding 
Glycerol 
Concentration 
Standard 1 10μL 990μL 1000μL 1.0 mM 
Standard 2 6μL 994μL 1000μL 0.6 mM 
Standard 3 3μL 997μL 1000μL 0.3 mM 
Standard 4 0μL 100μL 1000μL 0 mM 
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3.3.5.2 Plating 
The samples were plated on a clear 96-well plate. 10 μL of each standard and sample and 
100 μL of working reagent were pipetted into separate wells following Figure 3-5 below. The 
outside wells of the plate were avoided in order to yield a more accurate reading of each sample.  
 
 
Figure 3-5: 96-well Plating Layout for Glycerol Assay 
3.3.6 Gathering and Interpreting Colorimetric Readings 
3.3.6.1 Running the Colorimetric Microplate Reader 
The Molecular Devices SPECTRAmax 340PC384 SoftMax® Pro 5 microplate reader was 
utilized to read the absorbance of the microplate and therefore determine the glycerol 
concentration. The colorimetric microplate reader was read at 570 nm absorbance.  
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3.3.6.2 Calibration Curves 
Calibration curves were created by plotting the adjusted absorbance readings for the assay 
standards against their predicted molar concentration values. Absorbance readings were adjusted 
by subtracting the blank standard from the reading.  
𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑅𝑒𝑎𝑑𝑖𝑛𝑔 =  𝑅𝑒𝑎𝑑𝑖𝑛𝑔 –  𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 4 (𝐵𝑙𝑎𝑛𝑘) 
Table 3-3 and Figure 3-6 below show an example of adjusting absorbance readings and creating a 
calibration curve.  
Table 3-3: Example Calibration Curve Calculation 
 Reading Adjusted mol/L 
Std 1 1.410 1.410 – 0.073 = 1.337 1.000 
Std 2 0.650 0.650 – 0.073 = 0.577 0.600 
Std 3 0.472 0.472 – 0.073 = 0.399 0.300 
Std 4 0.073 0.073-0.073 = 0.000 0.000 
  
Slope 1.3703 
 
 
Figure 3-6: Example Calibration Curve Calculation 
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The ideal slope of a calibration curve is 1.2 [26].  
 
3.3.6.3 Absorption Readings 
Similar to calibration curves, the absorption readings were adjusted based on Standard 4. 
In order to determine the molar concentration of glycerol, the adjusted reading was divided by the 
slope of the calibration curve. Table 3-4 below shows a sample calculation.  
Table 3-4: Example Absorbance Calculation 
Time Reading Adjusted Slope Glycerol Concentration 
1 0.079 0.079 – 0.073 = 0.006 1.3703 0.006/1.3703 = 0.004 M 
 
3.4 Refining 
3.4.1 Rotary Evaporator 
Creating functional biodiesel requires further processing after transesterification with 
methanol or ethanol. In addition to the glycerol byproduct, the product of transesterification has 
many unwanted compounds like potassium hydroxide, water, triglycerides, soap, and methanol or 
ethanol. The first step to creating refined biodiesel is evaporating the alcohol using a rotary 
evaporator. Rotary evaporators are used to remove solvents from mixtures by using a heated water 
bath, a vacuum, and a condenser. The unrefined biodiesel was inserted into the flask and diagonally 
clipped into the rotary evaporator. The flask was then lowered and spun into the heated water bath. 
The water temperature depended on the boiling point of the alcohol that was being removed; 
methanol removal was completed at 65°C and ethanol removal was completed at 78°C. The 
vacuum-sealed condenser, filled with dry ice, collected the evaporated alcohol, and condensed it 
into a removable flask to be later recycled. The total process ran for twenty minutes. 
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Figure 3-7: Rotary Evaporator 
3.4.2 Separation and Resin Column 
After the unrefined de-alcoholized biodiesel was cooled, it was placed into a separatory 
funnel to separate the biodiesel into two phases, a top biodiesel-rich phase and a bottom glycerol-
rich phase. The glycerol-rich phase was slowly drained from the funnel to ensure maximum 
removal of glycerol and minimal removal of biodiesel. 
  
Figure 3-8: Biodiesel Settling in Separatory Funnel 
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The glycerol-rich phase was disposed of and the biodiesel was moved into a beaker which 
fed into the resin column to be refined. The resin was a DWR10 dry ion-exchanger designed to 
remove salts, soap, potassium hydroxide, glycerin, water, and unreacted oil. The resin consisted 
of small spherical amber-colored bead packing made from sodium polystyrene sulphonate [27] 
(see Appendix B for MSDS). The column filled one-third with resin packing. After reading 
previous MQP reports, the suggested flow rate of biodiesel through the resin was 30 mL/hr [28]. 
This allowed for sufficient ion exchange between the contaminants and the packing to remove 
contaminants from the biodiesel. The product from the resin column was processed and refined 
biodiesel, which can be combusted.  
 
 
Figure 3-9: Resin Column refining dealcoholized biodiesel 
3.5 Combustion 
Petroleum-based diesel, ethyl-biodiesel, and methyl-biodiesel were burned in a combustion 
unit to measure the exhaust emissions with a flue gas analyzer. The flue gas analyzer, Testo-340, 
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analyzed O2, CO, NO, and NOX to determine whether methyl-biodiesel or ethyl-biodiesel was less 
hazardous for the environment. The emissions of petroleum-based diesel were also measured in 
order to ascertain a baseline emissions reading for comparison with biodiesel emissions.   
The combustion unit consisted of a heater that burned fuels to produce a constant flame, 
and a subsequent heat exchanger. To ensure that the heater produced the same amount of energy 
during every run, the cooling water entering and leaving the heat exchanger had a constant 
temperature rise of 10°F. Several thermocouples were set up throughout the experiment to indicate 
when the combustion unit was at steady state. Once at steady state, the initial weight of the fuel 
was taken, and then the process was run for ten minutes. At the conclusion of the ten minutes, the 
fuel was reweighed to calculate the amount of fuel consumed, and therefore required to power the 
heater. The heating values for all three fuels were measured and compared to each other.                                                                                                                                                                                       
3.6 Determining Rate Constant 
Given that the transesterification reaction is pseudo second order, the value of the rate 
constant, k, can be defined as the slope of the linear line resulting in a plot of the inverse oil 
concentration over time. Figure 3-10 shows this plot using the pseudo-second order kinetics model 
of the methanolysis of sunflower oil [16]. The linear trend for a pseudo-second order model may 
only occur for a portion of the reaction, particularly the beginning, where the reaction is proceeding 
the quickest.  
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Figure 3-10: Estimate of Rate Constant for Methanolysis of Sunflower Oil at 35°C, 6:1, 0.5 wt% catalyst (Vicente et al, 2005) 
3.7 Determining Activation Energy 
In order to analyze the temperature dependence of the overall reaction, the Arrhenius equation was 
applied.  
𝑘 = 𝐴𝑒−𝐸𝐴 𝑅𝑇⁄  
Where k is the rate constant, A is the pre-exponential factor, EA is the activation energy, R is the 
gas constant, and T is the absolute temperature in Kelvin. Rearranged: 
ln(𝑘) = ln(𝐴) −
𝐸𝐴
𝑅
(
1
𝑇
) 
Hence, the Arrhenius plot of ln(k) vs 1/T yields a slope of EA/R.  
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3.8 Gathering Data on Methanolysis 
The initial phases of this research involved performing the transesterification as outlined 
above with methanol (6:1 methanol to oil ratio and 0.5 wt% KOH catalyst). The purpose of this 
was to become familiar with the equipment, procedure, and gather data more fitting to our 
experimental procedure. Further methanolysis data was gathered from Unit Operations II 
experiments completed during the Fall 2015 course offering. This data was analyzed following the 
same methodologies as for ethanolysis data in order to determine if the reaction kinetics were 
comparable and if ethanolysis could replace methanolysis in the Unit Operations II Laboratory 
class.  
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4.  Results and Discussion 
4.1 Methanolysis  
From the methanolysis experiments completed during this research and those completed in 
the Unit Operations II class, 16 runs were analyzed; eight at 25°C, five at 35°C, and three at 45°C. 
The data from these experiments can be found in Appendix E. 
4.1.1 Glycerol Assay Overshoot 
It was observed during analysis of the glycerol assay that the readings exceeded the 
maximum stoichiometric concentration of glycerol. Assuming 100% conversion, the maximum 
molar concentration of glycerol during methanolysis is 0.829M (See Appendix F). Using the 
calculated calibration curves, the average maximum reading was 1.057M, 0.228M over the 
maximum value (see Figure 4-1). Using an ideal calibration curve of 1.2, the average maximum 
glycerol concentration was 1.360M, 0.531M over the maximum value (see Figure 4-2). This 
overshoot can be explained by the tendency for glycerol to separate into a lower phase during later 
reaction times. Non-representative sampling could result in high glycerol concentrations. 
Furthermore, this overshoot was considered to be included in the error range of the glycerol assay, 
as the reaction curve followed the predicted “S” shape curve.  
 
Figure 4-1: Averaged Methanolysis Data 
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Figure 4-2: Averaged Ideal Methanolysis Data 
You can also see from Figure 4-1 Figure 4-2 that the temperature trends are consistent with 
literature. That is, the transesterification reaction is kinetically favorable at higher temperatures, 
indicated by the higher glycerol concentrations at lower times. 
4.1.2 Rate Constants and Activation Energy 
As described in Section 3, the rate constants for each temperature were determined by the 
plot of the inverse oil concentration versus time (see Appendix G).  
Table 4-1: Calculated Methanolysis Rate Constants 
Temperature Rate Constant, k 
25°C 0.2371 
35°C 0.8575 
45°C 1.073 
 
Also described in Section 3, the activation energy for the methanolysis reaction was 
determined by a plot of the Arrhenius equation, shown in Figure 4-3. The Arrhenius plot should 
follow a linear trend, which Figure 4-3 models with a R2 value of 0.8714. The activation energy 
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was found to be 59.9 kJ/mol, which agrees with the literature values of 26.8-61.5 kJ/mol for 
methanolysis at various operating parameters, as described in Table 2-1. Detailed calculations can 
be found in Appendix H. 
 
Figure 4-3: Arrhenius Plot to Determine the Methanolysis Activation Energy 
4.2 Ethanolysis  
From the ethanolysis experiments completed during this research, 12 runs were analyzed; 
four at 25 °C, four at 35 °C, and four at 45 °C. The data from these experiments can be found in 
Appendix I. 
4.2.1 Glycerol Assay Overshoot 
As with methanolysis, it was observed during the analysis of the glycerol assay that the 
readings exceeded the maximum stoichiometric glycerol concentration. Assuming 100% 
conversion, the maximum molar glycerol concentration during ethanolysis is 0.76M (see Appendix 
F). Using the calculated calibration curves, the average maximum reading was 0.708M, 0.053M 
under the maximum value (see Figure 4-4). Using an ideal calibration curve of 1.2, the average 
maximum glycerol concentration was 0.924M, 0.163M over the maximum value (see Figure 4-5). 
Depending on the calculation method, this undershoot or overshoot can be considered well within 
the error margin of the glycerol assay. When compared to the overshoot for methanolysis, it is 
significantly lower. At the completion of the ethanolysis experiments, it was observed that the 
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glycerol-rich bottom phase was smaller than that formed by methanolysis. This can be translated 
to more representative sampling at later reaction times during ethanolysis experiments. The shape 
of the reaction curve is also as predicted for ethanolysis. It was predicted that no mass transfer 
limitations would be observed, which would be indicated by an immediate increase in glycerol 
concentration. Methanolysis does have mass transfer limitations, which is indicated by the “S”-
shaped curve, where there is an initial period of slow increase in glycerol concentration. Figure 
4-4Figure 4-5 show no initial period of slow increase, indicative of mass transfer limitations, 
therefore agreeing with literature.  
 
Figure 4-4: Averaged Ethanolysis Data 
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Figure 4-5: Averaged Ideal Ethanolysis Data 
As with methanolysis, the ethanolysis reaction is also kinetically favorable at higher 
temperatures. The increase in reaction rate is not as large with ethanolysis as with methanolysis, 
but it is still present. 
4.2.2 Rate Constants and Activation Energy 
The calculated rate constants for the ethanolysis reaction are summarized in Table 4-2 (see 
Appendix J). The Arrhenius plot used to determine the activation energy can be found in Figure 
4-6. The plot should follow a linear trend, which Figure 4-6 models with a R2 value of 0.8680. The 
activation energy was determined to be 49.6 kJ/mol. This activation energy agrees with the 
literature values of 3.4-51 kJ/mol for ethanolysis at various operating parameters, as described in 
Table 2-1. Detailed calculations can be found in Appendix K. 
 
Table 4-2: Calculated Ethanolysis Rate Constants 
Temperature Rate Constant, k 
25°C 0.116 
35°C 0.3253 
45°C 0.3891 
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Figure 4-6: Arrhenius Plot to Determine the Ethanolysis Activation Energy 
4.3 Emissions Analysis 
The heating values and emissions of refined methyl-biodiesel and refined ethyl-biodiesel 
were compared to petroleum-based diesel to show the potential impacts biodiesel could have on a 
global scale. 
 Table 4-3 below shows that refined ethyl-biodiesel and refined methyl-biodiesel contained 
95% and 93.6% of the heating value of petroleum-based diesel on a per mass basis, respectively. 
Literature states that methyl-biodiesel contains 92% of the heating value of petroleum-based diesel 
[29]. This difference was most likely because the scale that was used measured in increments of 
0.005 kg, which is less accurate than increments of 0.001 kg. Also, due to time restrictions, only 
one run for each fuel was tested. More tests would increase the accuracy of the data. 
During each ten minute trial, a flue gas analyzer was inserted into the exhaust pipe to read 
the emissions of the fuel being analyzed. Table 4-4 shows that both biodiesel fuels had a decrease 
in all emissions compared to petroleum-based diesel. These results follow literature except for the 
nitrogen oxide concentrations. A 2015 MQP reported similar results when investigating the 
emissions of different methyl-biodiesel/petroleum-based diesel mixtures [30]. This is most likely 
due to the different heat content of each fuel. Both biodiesels burn at a lower temperature than 
petroleum-based diesel, resulting in a lower stack temperature. Because nitrogen oxide formation 
increases as the combustion temperature increases, the lower stack temperature could explain why 
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-2.5
-2
-1.5
-1
-0.5
0
0.0031 0.00315 0.0032 0.00325 0.0033 0.00335 0.0034
N
at
u
ra
l L
o
g 
o
f 
th
e 
R
at
e 
C
o
n
st
an
t
Inverse Temperature [1/K]
46 
 
 
the biodiesel fuels had a lower concentration of nitrogen oxides. More tests would have to be run 
in order to accurately show the difference between biodiesel fuel and petroleum-based diesel fuel 
emissions. However, the flue gas analyzer can still compare methyl-biodiesel to ethyl-biodiesel 
because they have similar stack temperatures.  Ethyl-biodiesel had 2.7%, 12%, and 11% less 
carbon monoxide, nitrogen monoxide, and nitrogen oxides, respectively compared to methyl-
biodiesel. 
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Table 4-3: Heating Value Comparison of Biodiesel 
Fuel 
Initial 
Weight 
Final 
Weight 
△Weight %Efficient 
Stack 
Temperature 
Petroleum 
Diesel 
3.335 3.045 0.290 100 349.8 
Methyl-
Biodiesel 
3.115 2.805 0.310 93.6 310.9 
Ethyl-Biodiesel 2.475 2.170 0.305 95.0 315.1 
 
Table 4-4: Emissions Concentrations by Fuel Type 
Emissions Petroleum Diesel [ppm] Methyl-Biodiesel [ppm] Ethyl-Biodiesel (ppm) 
CO 116 75 73 
NO 51 43 38 
NOX 54 45 40 
SO2 0 0 0 
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5.  Conclusions and Recommendations 
5.1 Transesterification 
As previously mentioned, the production of glycerol occurred as predicted for both 
methanolysis and ethanolysis. Furthermore, the activation energies of both reactions agreed with 
literature. This shows that the existing Unit Operations methodology, including the glycerol 
enzyme assay, can be applied to ethanolysis. It is therefore recommended that the Unit 
Operations experiment utilize ethanol instead of methanol as the alcohol agent for 
transesterification. To support this recommendation, an updated ReactorMaster file for use 
during the experiment, as well as an updated pre-laboratory exercise (Appendix L), were created 
for use in the ethanolysis experiment. The updated pre-laboratory exercise continues to use the 
Vicente mathematical model because the overall reaction kinetics and the activation energies of 
both transesterification reactions agree with literature, confirming the reaction mechanism.  
 
5.2 Emissions Concentrations and Heating Value Analysis 
From the analysis of emissions concentrations using the flue gas analyzer, both ethyl-
biodiesel and methyl-biodiesel had significantly less emissions concentrations than petroleum-
based diesel. Moreover, ethyl-biodiesel had additional emissions benefits over methyl-biodiesel. 
The concentrations of NOx in both biodiesels were observed to decrease compared to petroleum-
based diesel, whereas literature suggests they increase in comparison. Due to the fact that NOX 
emissions increase at higher temperatures, it was concluded that the most plausible explanation for 
the discrepancy with literature resulted from petroleum-based diesel burning at a higher 
temperature than biodiesel, as observed in the combustion unit. It is therefore recommended that 
further experiments be developed to test the effect of temperature on emissions 
concentrations for each fuel type.  
The refined ethyl-biodiesel and refined methyl-biodiesel contained 95% and 94% of the 
heating value of petroleum-based diesel on a per mass basis, respectively. However, due to time 
restrictions, only one run for each fuel was performed. It is therefore recommended that more 
tests be performed to increase the accuracy of the heating values for each fuel. Nonetheless, 
49 
 
 
it is also recommended that ethyl-biodiesel be phased into the biodiesel market due to the 
similar heating values and emissions concentrations to methyl-biodiesel. Economically, 
methyl-biodiesel remains less expensive to produce and refine, but the environmental and safety 
benefits of ethyl-biodiesel may outweigh the cost difference.  
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7.  Appendices 
A.  Summary of Transesterification Research 
Table A-1: Summary of Transesterification Research 
Oil Alcohol Catalyst 
(wt%) 
Ratio Temperature 
(°C) 
Kinetic Model EA 
(kJ/mol) 
Source 
Palm Methanol KOH 1.0 6:1 55-65 three consecutive 
reversible second 
order reactions 
26.8-
61.5 
[14] 
Soybean Methanol NaOCH3 0.5 6:1 20-60 combination of 
consecutive second 
order and fourth 
order shunt 
reactions 
56.8-
83.8 
[14] 
Soybean Methanol NaOH 0.2 6 30-70 three consecutive 
reversible second 
order reactions 
21.7-
83.1 
[14] 
Brassica 
carinata oil 
Methanol KOH 0.5-1.5 6 25-65 three consecutive 
reversible second 
order reactions 
12.0-
104.8 
[14] 
Sunflower Methanol KOH 0.5-1.5 6 25-65 three consecutive 
reversible second 
order reactions 
31.0-
59.6 
[16] 
Sunflower Methanol KOH 1.0 6 10-30 Overall irreversible 
second order 
reactions, 
reversible second 
order reaction in 
final phase 
33.2-
53.5 
[14] 
Sunflower Ethanol NaOH 
0.75,1.00,1.25 
6,9,12 25-75 Overall irreversible 
second order 
reactions, 
reversible second 
order reaction in 
final phase 
3.4-43.9 [14] 
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Sunflower Ethanol 1.0 EtONa 6 30-60 pseudo second 
order 
51 [20] 
Palm Ethanol 1.0 EtONa   Irreversible second 
order 
42 [15] 
Sunflower Ethanol NaOH 0.10 6,12,24 50  48.7-
53.9 
[31] 
Cottonseed Ethanol 2.0 NaOH   First order - [15] 
Canola Ethanol 2 Mg2CoAl   First order 60.5 [15] 
Castor Ethanol 1 NaOH   First order 70.6 [15] 
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B.  Material Safety Data Sheets for Ethanol, Methanol, 
Potassium Hydroxide, and Sodium Polystyrene Sulphonate
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C.  Existing Pre-laboratory Exercise 
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D.  Balance Calculations 
The operating conditions were determined on a volumetric basis allowing for a total volume of 
oil and ethanol of 500 mL.  
Table D-1: Balance Calculation Summary Table 
 
6 𝑚𝑜𝑙 𝐸𝑡𝑂𝐻
1 𝑚𝑜𝑙 𝑜𝑖𝑙
∗
46.07 𝑔 𝐸𝑡𝑂𝐻
𝑚𝑜𝑙 𝐸𝑡𝑂𝐻
∗
1 𝑚𝑜𝑙 𝑜𝑖𝑙
887.3 𝑔 𝑜𝑖𝑙
∗
0.92 𝑔 𝑜𝑖𝑙
𝑚𝐿 𝑜𝑖𝑙
∗
𝑚𝐿 𝐸𝑡𝑂𝐻
0.789 𝑔 𝐸𝑡𝑂𝐻
=
254.306 𝑚𝐿 𝐸𝑡𝑂𝐻
700.0797 𝑚𝐿 𝑜𝑖𝑙
 
 
254.3064 𝑚𝐿 𝐸𝑡𝑂𝐻
700.0797 𝑚𝐿 𝑜𝑖𝑙
=
𝑥 𝑚𝐿 𝐸𝑡𝑂𝐻
𝑦 𝑚𝐿 𝑜𝑖𝑙
 
𝑥 + 𝑦 = 500 𝑚𝐿 
𝑥 = 133.23 𝑚𝐿 𝐸𝑡𝑂𝐻, 𝑦 = 366.77 𝑚𝐿 𝑜𝑖𝑙 
133.23 𝑚𝐿 𝐸𝑡𝑂𝐻 ∗
0.789 𝑔 𝐸𝑡𝑂𝐻
𝑚𝐿 𝐸𝑡𝑂𝐻
= 105.12 𝑔 𝐸𝑡𝑂𝐻 
366.77 𝑚𝐿 𝑜𝑖𝑙 ∗
887.3 𝑔 𝑜𝑖𝑙
𝑚𝐿 𝑜𝑖𝑙
= 337.43 𝑔 𝑜𝑖𝑙 
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E.  Methanolysis Summary 
Averaged 
Table E-1: Averaged Calculated Methanolysis Glycerol Concentration by Temperature 
 
Table E-2 - Averaged Ideal Methanolysis Glycerol Concentration by Temperature 
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25°C 
Table E-3: Data for Methanolysis at 25°C Using Calculated Calibration Curves 
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Figure E-1 - Methanolysis at 25°C Using Calculated Calibration Curves 
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35°C 
Table E-4: Data for Methanolysis at 35°C Using Calculated Calibration Curves 
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Figure E-2 - Methanolysis at 35°C Using Calculated Calibration Curves 
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45°C 
Table E-5: Data for Methanolysis at 45°C Using Calculated Calibration Curves 
 
 
Figure E-3 - Methanolysis at 45°C Using Calculated Calibration Curves 
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Experiment – 9/27/15 
Calculated 
Table E-6: Data for Methanolysis at 25°C Using Calculated Calibration Curves 
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Figure E-4: Methanolysis at 25°C Using Calculated Calibration Curves 
Ideal 
Table E-7: Data for Methanolysis at 25°C Using Ideal Calibration Curves 
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Figure E-5: Methanolysis at 25°C Using Calculated Calibration Curves 
Calibration Curves 
 
Figure E-6: Calculated Calibration Curve at 20 Minute Reading 
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Figure E-7: Calculated Calibration Curve at 21 Minute Reading 
 
Figure E-8: Calculated Calibration Curve at 22 Minute Reading 
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Figure E-9: Calculated Calibration Curve at 23 Minute Reading 
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Experiment – 10/4/15 
Calculated 
Table E-8: Data for Methanolysis at 35°C Using Calculated Calibration Curves 
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Figure E-10: Methanolysis at 35°C Using Calculated Calibration Curves 
Ideal 
Table E-9: Data for Methanolysis at 35°C Using Ideal Calibration Curves 
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Figure E-11: Methanolysis at 35°C Using Ideal Calibration Curves 
Calibration Curves 
 
Figure E-12: Calculated Calibration Curve at 20 Minute Reading 
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Figure E-13: Calculated Calibration Curve at 21 Minute Reading 
 
Figure E-14: Calculated Calibration Curve at 22 Minute Reading 
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Figure E-15: Calculated Calibration Curve at 23 Minute Reading 
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F.  Molar Conversion Calculations 
Methanol 
Initial Oil: 
400 𝑚𝐿 𝑂𝑖𝑙 ∗
0.92 𝑔
𝑚𝐿
= 368 𝑔 𝑂𝑖𝑙 
368 𝑔 𝑂𝑖𝑙 ∗
𝑚𝑜𝑙 𝑂𝑖𝑙
887.3 𝑔 𝑂𝑖𝑙
= 0.415 𝑚𝑜𝑙 𝑂𝑖𝑙 
0.415𝑚𝑜𝑙 𝑂𝑖𝑙
500 𝑚𝐿
= 0.829 𝑀 𝑂𝑖𝑙 
Catalyst: 
368 𝑔 𝑂𝑖𝑙 ∗ 0.005 = 1.84 𝑔 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 (𝐾𝑂𝐻) 
Ethanol 
Initial Oil: 
Given 366.8 mL of oil: 
366.8 𝑚𝐿 𝑂𝑖𝑙 ∗
0.92 𝑔
𝑚𝐿
= 337.4 𝑔 𝑂𝑖𝑙 
337.4 𝑔 𝑂𝑖𝑙 ∗
𝑚𝑜𝑙 𝑂𝑖𝑙
887.3 𝑔 𝑂𝑖𝑙
= 0.380 𝑚𝑜𝑙 𝑂𝑖𝑙 
0.380 𝑚𝑜𝑙 𝑂𝑖𝑙
500 𝑚𝐿
= 0.761 𝑀 𝑂𝑖𝑙 
Catalyst: 
337.4 𝑔 𝑂𝑖𝑙 ∗ 0.005 = 1.687 𝑔 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 (𝐾𝑂𝐻) 
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G.  Calculations for Determining Methanolysis Rate Constants 
 
Figure G-1: Calculations for Methanolysis at 25°C 
 
Figure G-2: Calculations for Methanolysis at 35°C 
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Figure G-3: Calculations for Methanolysis at 45°C 
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H.  Calculations for Determining Methanolysis Activation 
Energy 
 
Table H-1: Summary of Methanolysis Activation Energy Calculations 
 
ln(𝑘) = ln(𝐴) −
𝐸𝐴
𝑅
(
1
𝑇
) 
𝑅 = 8.314 𝐽 𝑚𝑜𝑙 ∙ 𝐾⁄  
 
Figure H-1: Methanolysis Arrhenius Plot 
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I.  Ethanolysis Summary 
Averaged 
Table I-1 - Averaged Calculated Ethanolysis Glycerol Concentration 
 
Table I-2  - Averaged Ideal Ethanolysis Glycerol Concentration 
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25°C 
Table I-3: Ethanolysis at 25°C Using Calculated Calibration Curves 
 
 
Figure I-1 - Ethanolysis at 25°C Using Calculated Calibration Curves 
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35°C 
Table I-4: Ethanolysis at 35°C Using Calculated Calibration Curves 
 
 
Figure I-2 - Ethanolysis at 35°C Using Calculated Calibration Curves 
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45°C 
Table I-5: Ethanolysis at 45°C Using Calculated Calibration Curves 
 
 
Figure I-3 - Ethanolysis at 45°C Using Calculated Calibration Curves 
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Experiment – 12/6/15 
Calculated 
Table I-6: Ethanolysis at 25°C Using Calculated Calibration Curves 
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Figure I-4: Ethanolysis at 25°C Using Calculated Calibration Curves 
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Ideal 
Table I-7: Ethanolysis at 25°C Using Ideal Calibration Curves 
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Figure I-5: Ethanolysis at 25°C Using Ideal Calibration Curves 
Calibration Curves 
 
Figure I-6: Calibration Curve at 20 Minute Reading 
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Figure I-7: Calibration Curve at 21 Minute Reading 
 
Figure I-8: Calibration Curve at 22 Minute Reading 
 
Figure I-9: Calibration Curve at 23 Minute Reading 
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Figure I-10: Calibration Curve at 24 Minute Reading 
 
Figure I-11: Calibration Curve at 25 Minute Reading 
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Experiment – 12/14/15 
Calculated 
Table I-8: Ethanolysis at 35°C Using Calculated Calibration Curves 
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Figure I-12 - Ethanolysis at 35°C using Calculated Calibration Curves 
Ideal 
 
Figure I-13 - Ethanolysis at 35°C using Ideal Calibration Curves 
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Calibration Curves 
 
Figure I-14 - Calibration Curve from 20 Minute Reading 
 
Figure I-15 - Calibration Curve from 21 Minute Reading 
 
Figure I-16 - Calibration Curve from 22 Minute Reading 
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Figure I-17 - Calibration Curve from 23 Minute Reading 
 
Figure I-18 - Calibration Curve from 24 Minute Reading 
 
Figure I-19 - Calibration Curve from 25 Minute Reading 
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Experiment – 1/20/16 
Calculated 
Table I-9: Ethanolysis at 45°C Using Calculated Calibration Curves 
 
 
129 
 
 
Figure I-20 - Ethanolysis at 45°C Using Calculated Calibration Curves 
Ideal 
Table I-10: Ethanolysis at 45°C Using Ideal Calibration Curves 
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Figure I-21 – Ethanolysis at 45°C using Ideal Calibration Curve 
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Calibration Curves 
 
Figure I-22 - Calculated Calibration Curve from 20 Minute Reading 
 
Figure I-23 - Calculated Calibration Curve from 21 Minute Reading 
 
y = 1.2921x - 0.0273
R² = 0.9678
-0.200
0.000
0.200
0.400
0.600
0.800
1.000
1.200
1.400
1.600
0.000 0.200 0.400 0.600 0.800 1.000 1.200
A
b
so
rb
an
ce
 R
ea
d
in
g
Glycerol Concentration [M] 
y = 1.2916x - 0.0268
R² = 0.9686
-0.200
0.000
0.200
0.400
0.600
0.800
1.000
1.200
1.400
1.600
0.000 0.200 0.400 0.600 0.800 1.000 1.200
A
b
so
rb
an
ce
 R
ea
d
in
g
Glycerol Concentration [M]
132 
 
 
Figure I-24 - Calculated Calibration Curve from 22 Minute Reading 
 
Figure I-25 - Calculated Calibration Curve from 23 Minute Reading 
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Figure I-26 - Calculated Calibration Curve from 24 Minute Reading 
 
Figure I-27 - Calculated Calibration Curve from 25 Minute Reading 
 
Experiment – 1/27/16 
Calculated 
Table I-11: Ethanolysis at 25°C Using Calculated Calibration Curves 
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Figure I-28 - Ethanolysis at 25°C Using Calculated Calibration Curves 
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Ideal 
Table I-12: Ethanolysis at 25°C Using Ideal Calibration Curves 
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Figure I-29 - Ethanolysis at 25°C Using Ideal Calibration Curves 
Calibration Curves 
 
Figure I-30 - Calibration Curve at 20 Minute Reading 
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Figure I-31 - Calibration Curve at 21 Minute Reading 
 
Figure I-32 - Calibration Curve at 22 Minute Reading 
y = 1.3468x + 0.0768
R² = 0.9807
0.000
0.200
0.400
0.600
0.800
1.000
1.200
1.400
1.600
0.000 0.200 0.400 0.600 0.800 1.000 1.200
A
b
so
rb
an
ce
 R
ea
d
in
g
Glycerol Concentration [M]
y = 1.3508x + 0.0761
R² = 0.9812
0.000
0.200
0.400
0.600
0.800
1.000
1.200
1.400
1.600
0.000 0.200 0.400 0.600 0.800 1.000 1.200
A
b
so
rb
an
ce
 R
ea
d
in
g
Glycerol Concentration [M]
138 
 
 
Figure I-33 - Calibration Curve at 23 Minute Reading 
 
Figure I-34 - Calibration Curve at 24 Minute Reading 
 
Figure I-35 - Calibration Curve at 25 Minute Reading 
y = 1.3609x + 0.0753
R² = 0.9821
0.000
0.200
0.400
0.600
0.800
1.000
1.200
1.400
1.600
0.000 0.200 0.400 0.600 0.800 1.000 1.200
A
b
so
rb
an
n
ce
 R
ea
d
in
g
Glycerol Concentration [M]
y = 1.3607x + 0.0764
R² = 0.9816
0.000
0.200
0.400
0.600
0.800
1.000
1.200
1.400
1.600
0.000 0.200 0.400 0.600 0.800 1.000 1.200
A
b
so
rb
an
ce
 R
ea
d
in
g
Glycerol Concentration
y = 1.3624x + 0.0771
R² = 0.9813
0.000
0.200
0.400
0.600
0.800
1.000
1.200
1.400
1.600
0.000 0.200 0.400 0.600 0.800 1.000 1.200
A
b
so
rb
an
ce
 R
ea
d
in
g
Glycerol Concentration
139 
 
Experiment – 2/1/16 
Calculated 
Table I-13: Ethanolysis at 35°C Using Calculated Calibration Curves 
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Figure I-36 - Ethanolysis at 35°C Using Calculated Calibration Curves 
Ideal 
Table I-14: Ethanolysis at 35°C Using Ideal Calibration Curves 
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Figure I-37 - Ethanolysis at 35°C Using Ideal Calibration Curves 
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Calibration Curves 
 
Figure I-38: Calculated Calibration Curve from 20 Minute Reading 
 
Figure I-39: Calculated Calibration Curve from 21 Minute Reading 
 
Figure I-40: Calculated Calibration Curve from 22 Minute Reading 
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Figure I-41: Calculated Calibration Curve from 23 Minute Reading 
 
Figure I-42: Calculated Calibration Curve from 24 Minute Reading 
 
Figure I-43: Calculated Calibration Curve from 25 Minute Reading 
y = 1.3908x + 0.0539
R² = 0.9915
0.000
0.200
0.400
0.600
0.800
1.000
1.200
1.400
1.600
0.000 0.200 0.400 0.600 0.800 1.000 1.200
A
b
so
rb
an
ce
 R
ea
d
in
g
Glycerol Concentration [M]
y = 1.3973x + 0.0553
R² = 0.9911
0.000
0.200
0.400
0.600
0.800
1.000
1.200
1.400
1.600
0.000 0.200 0.400 0.600 0.800 1.000 1.200
A
b
so
rb
an
ce
 R
ea
d
in
g
Glycerol Concentration [M]
y = 1.4012x + 0.0579
R² = 0.9903
0.000
0.200
0.400
0.600
0.800
1.000
1.200
1.400
1.600
0.000 0.200 0.400 0.600 0.800 1.000 1.200
A
b
so
rb
an
ce
 R
ea
d
in
g
Glycerol Concentration [M]
144 
 
Experiment – 2/8/16 
Calculated 
Table I-15: Ethanolysis at 45°C Using Calculated Calibration Curves 
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Figure I-44: Ethanolysis at 45°C Using Calculated Calibration Curves 
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Ideal 
Table I-16: Ethanolysis at 45°C Using Ideal Calibration Curves 
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Figure I-45: Ethanolysis at 45°C Using Ideal Calibration Curves 
Calibration Curves 
 
Figure I-46: Calculated Calibration Curve from 20 Minute Reading 
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Figure I-47: Calculated Calibration Curve from 21 Minute Reading 
 
Figure I-48: Calculated Calibration Curve from 21 Minute Reading 
 
Figure I-49: Calculated Calibration Curve from 23 Minute Reading 
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Experiment – 2/10/16 
Calculated 
Table I-17: Ethanolysis at 25°C Using Calculated Calibration Curves 
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Figure I-50: Ethanolysis at 25°C Using Calculated Calibration Curves 
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Ideal 
Table I-18: Ethanolysis at 25°C Using Ideal Calibration Curves 
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Figure I-51: Ethanolysis at 25°C Using Ideal Calibration Curves 
Calibration Curves 
 
Figure I-52: Calculated Calibration Curve from 20 Minute Reading 
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Figure I-53: Calculated Calibration Curve from 21 Minute Reading 
 
Figure I-54: Calculated Calibration Curve from 22 Minute Reading 
 
Figure I-55: Calculated Calibration Curve from 23 Minute Reading 
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Figure I-56: Calculated Calibration Curve from 24 Minute Reading 
 
Figure I-57: Calculated Calibration Curve from 25 Minute Reading 
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Experiment – 2/15/16 
Calculated 
Table I-19: Ethanolysis at 25°C Using Calculated Calibration Curves 
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Figure I-58: Ethanolysis at 25°C Using Calculated Calibration Curves 
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Ideal 
Table I-20: Ethanolysis at 25°C Using Ideal Calibration Curves 
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Figure I-59: Ethanolysis at 25°C Using Ideal Calibration Curves 
Calibration Curves 
 
Figure I-60: Calculated Calibration Curve from 20 Minute Reading 
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Figure I-61: Calculated Calibration Curve from 21 Minute Reading 
 
Figure I-62: Calculated Calibration Curve from 22 Minute Reading 
 
Figure I-63: Calculated Calibration Curve from 23 Minute Reading 
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Figure I-64: Calculated Calibration Curve from 24 Minute Reading 
  
 
Figure I-65: Calculated Calibration Curve from 25 Minute Reading 
 
y = 1.3672x + 0.0398
R² = 0.9923
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
0 0.2 0.4 0.6 0.8 1 1.2
A
b
so
rb
an
ce
 R
ea
d
in
g
Glycerol Concentration [M]
y = 1.3689x + 0.0405
R² = 0.9922
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
0 0.2 0.4 0.6 0.8 1 1.2
A
b
so
rb
an
ce
 R
ea
d
in
g
Glycerol Concentration [M]
161 
 
Experiment – 2/17/16 
Calculated 
Table I-21: Ethanolysis at 35°C Using Calculated Calibration Curves 
 
162 
 
 
Figure I-66: Ethanolysis at 35°C Using Calculated Calibration Curves 
Ideal 
Table I-22: Ethanolysis at 35°C Using Ideal Calibration Curves 
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Figure I-67: Ethanolysis at 35°C Using Ideal Calibration Curves 
Calibration Curves 
 
Figure I-68: Calculated Calibration Curve from 20 Minute Reading 
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Figure I-69: Calculated Calibration Curve from 21 Minute Reading 
 
Figure I-70: Calculated Calibration Curve from 22 Minute Reading 
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Figure I-71: Calculated Calibration Curve from 23 Minute Reading 
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Experiment – 2/22/16 
Calculated 
Table I-23: Ethanolysis at 35°C Using Calculated Calibration Curves 
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Figure I-72: Ethanolysis at 35°C Using Calculated Calibration Curves 
Ideal 
Table I-24: Ethanolysis at 35°C Using Ideal Calibration Curves 
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Figure I-73: Ethanolysis at 35°C Using Ideal Calibration Curves 
Calibration Curves 
 
Figure I-74: Calculated Calibration Curve from 20 Minute Reading 
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Figure I-75: Calculated Calibration Curve from 21 Minute Reading 
 
Figure I-76: Calculated Calibration Curve from 22 Minute Reading 
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Figure I-77: Calculated Calibration Curve from 23 Minute Reading 
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Experiment – 2/27/16 
Calculated 
Table I-25: Ethanolysis at 45°C Using Calculated Calibration Curves 
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Figure I-78: Ethanolysis at 45°C Using Calculated Calibration Curves 
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Ideal 
Table I-26: Ethanolysis at 45°C Using Ideal Calibration Curves 
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Figure I-79: Ethanolysis at 45°C Using Ideal Calibration Curves 
Calibration Curves 
 
Figure I-80: Calculated Calibration Curve from 20 Minute Reading 
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Figure I-81: Calculated Calibration Curve from 21 Minute Reading 
 
Figure I-82: Calculated Calibration Curve from 22 Minute Reading 
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Figure I-83: Calculated Calibration Curve from 23 Minute Reading 
Experiment – 3/2/16 
Calculated 
Table I-27: Ethanolysis at 45°C Using Calculated Calibration Curves 
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Figure I-84: Ethanolysis at 45°C Using Calculated Calibration Curves 
Ideal 
Table I-28: Ethanolysis at 45°C Using Ideal Calibration Curves 
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Figure I-85: Ethanolysis at 45°C Using Ideal Calibration Curves 
Calibration Curves 
 
Figure I-86: Calculated Calibration Curve from 20 Minute Reading 
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Figure I-87: Calculated Calibration Curve from 21 Minute Reading 
 
Figure I-88: Calculated Calibration Curve from 22 Minute Reading 
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J.  Calculations for Determining Ethanolysis Rate Constants 
 
Figure J-1: Calculations for Ethanolysis at 25°C 
 
Figure J-2: Calculations for Ethanolysis at 35°C 
 
Figure J-3: Calculations for Ethanolysis at 45°C 
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K.  Calculations for Determining Ethanolysis Activation 
Energy 
 
Table K-1: Summary of Ethanolysis Activation Energy Calculations 
 
ln(𝑘) = ln(𝐴) −
𝐸𝐴
𝑅
(
1
𝑇
) 
𝑅 = 8.314 𝐽 𝑚𝑜𝑙 ∙ 𝐾⁄  
 
Figure K-1: Ethanolysis Arrhenius Plot 
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L.  Updated Pre-laboratory Exercise 
 
Biodiesel Reaction Safety and Kinetics 
  
Renewable fuels such as ethanol and biodiesel are becoming increasingly popular alternatives to 
petroleum based fuels. In this laboratory exercise, you will study temperature and mass transfer 
effects on the base-catalyzed transesterification reaction used to produce biodiesel from 
vegetable oil. In addition to studying the fundamental chemical engineering principles required 
to optimize the reaction, you will study the safety requirements for this process and gain 
experience with following a standard operating procedure and maintaining an electronic batch 
record. 
 
The overall reaction for production of biodiesel from vegetable oil is shown in Figure 1.  
 
 
Figure 1. Overall biodiesel production reaction [1]1. 
 
Vegetable oil is primarily composed of triglycerides with long chain aliphatic R groups of the 
form CH3(CH2)7CH=CH(CH2)7, but different types of oils have different amounts of saturated 
and unsaturated fats of various types in the R groups [2]. The ethyl esters, also called fatty acid 
ethyl esters (FAEEs), are the biodiesel product we seek. The reaction can be either base-
catalyzed or acid catalyzed. Vegetable oil can be burned directly but is not a good engine fuel 
due to its high viscosity. Transesterification converts the high viscosity oil into three biodiesel 
molecules with viscosity and other properties similar to those of petroleum diesel fuel [3].  
                                                 
1 Modified for ethanol 
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The apparent simplicity of the process along with the readily available supply of waste vegetable 
oil from deep fry food preparation has given rise to a large number of small scale and “home 
brew” processors who usually use potassium hydroxide as a catalyst. As you will learn in this 
laboratory experiment, this base-catalyzed biodiesel process is neither particularly simple nor 
particularly safe. Ethanol is both poisonous and highly flammable. KOH is caustic and when 
mixed with ethanol forms an extremely dangerous potassium ethoxide solution. Your first 
objective for the pre-lab exercise will be to obtain and read the MSDS information for KOH, 
ethanol, and potassium ethoxide. You will need to write a brief discussion of the safety 
precautions required for handling and processing these materials and the safeguards we have 
included in the lab. Your second objective for the pre-lab will be to locate (on the web or 
elsewhere) a report of an accident involving a fire with this process. You will need to write a 
brief summary of the accident and a discussion of what could have been done to prevent it.  
 
We have converted a 5 ft wide fume hood into a mini biodiesel pilot plant. Our computer 
controlled reactor system consists of a 250 mL jacketed glass catalyst preparation reactor and a 
500 ml jacketed glass process reactor connected to feed and product vessels and each other via 
peristaltic pumps [4]. Sparkless and brushless overhead electronic stirrers are used to control and 
monitor the stirrer rpms and torque in each reactor. A constant temperature is maintained with a 
separate temperature bath circulating water through the jacket of each reactor. Using a computer 
control panel outside of the hood to operate the process gives it the feel of a larger scale 
industrial process and minimizes some of the dangers from the hazardous and flammable 
materials involved.  
 
For a typical experiment, ethanol and vegetable oil are introduced into the catalyst prep reactor 
and process reactor, respectively, by computer controlled gravimetric dosing from feed vessels 
on electronic balances working together with the peristaltic pumps. Once both reactors reach the 
target temperature, solid KOH catalyst is manually added and dissolved in the catalyst prep 
reactor. The process reaction is initiated by pumping the contents of the catalyst prep reactor into 
the process reactor. Samples are withdrawn from the process reactor at regular intervals and 
analyzed for glycerol content via an enzymatic assay to follow the reaction progress [5]. At the 
end of the experiment all samples can be analyzed at once using a 96 well plate reader at a 
wavelength of 570 nm. The reactor system is washed with ethanol and allowed to air dry 
between experimental runs. The ReactorMaster software [4] that controls the process also 
collects data on each piece of equipment, allows for pauses to insert comments, and effectively 
keeps and electronic batch record of everything that happens in each experimental run. You will 
be required to input comments into the batch record indicating that you have either performed or 
witnessed various aspects of the standard operating procedure as is often required in the 
bioprocess industry.  
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As noted above, the biodiesel production process is more complex than it may seem from 
looking at Figure 1. It has been observed that the production process depends on the type of 
alcohol used, type of oil used, the water and free fatty acid content of the oil, the type and 
amount of catalyst, the alcohol to oil ratio, and operating conditions such as temperature, 
pressure, and mixing rate [6,7]. The reaction is believed to involve multiple steps as indicated in 
Figure 2 where it can be seen that triglyceride (TG) is first attacked by ethoxide ion C2H5O- 
(present in the basic KOH/ethanol solution) to produce one biodiesel (BD) and a diglyceride 
(DG). The DG is next converted to a second BD and a monoglyceride (MG). Finally, in a third 
reaction step, the MG is converted to a third BD and glycerol (G). Each of these reactions can be 
considered reversible, giving rise to a forward and a reverse rate constant for each of the three 
reactions. Side reactions that produce soap (via saponification) instead of biodiesel often occur, 
especially if water is present in the mixture, but we will neglect side reactions in our analysis.  
Researchers have shown that in cases with sufficient stirring, experimental data can be modeled 
using only the reversible reactions shown in Figure 2.  
 
TG + M ↔ BD + DG  (1) 
DG + M ↔ BD + MG (2) 
MG + M ↔ BD + G  (3) 
 
Figure 2. Multiple step biodiesel reaction mechanism 
 
For example, Vicente et al [8] studied the base-catalyzed transesterification of sunflower oil with 
6:1 mole ratio of methanol to oil and stirring rates that they believed were sufficient to avoid 
mass transfer limitations. They varied the KOH catalyst concentration and the process 
temperature and measured the concentration of TG, DG, MG, BD, M, and G with time during 
the reaction. Assuming that the forward rate constants for reaction 1, 2, and 3 are given by k1, 
k3, and k5, while the reverse rate constants for the three reactions are given by k2, k4, and k6, 
they found the values of the rate constants that fit their data according to the mathematical model 
shown in Figure 3. 
 
TG'(t) = k1TG(t)M(t)  k2BD(t)DG(t) 
DG'(t) = k1TG(t)M(t)  k2BD(t)DG(t)  k3DG(t)M(t)  k4BD(t)MG(t) 
MG'(t) = k3DG(t)M(t)  k4BD(t)MG(t)  k5MG(t)M(t)) + k6BD(t)G(t) 
M’(t) = k1TG(t) M(t)  k2BD(t)DG(t)  k3DG(t)M(t)  k4BD(t)MG(t)  k5MG(t)M(t)+k6BD(t)G(t) 
BD'(t)= k1TG(t)M(t)  k2BD(t)DG(t)  k3DG(t)M(t)  k4BD(t)MG(t)  k5MG(t)M(t) – k6BD(t)G(t) 
G'(t) = k5MG(t)M(t) – k6BD(t)G(t) 
 
Figure 3.  Mathematical model equations for multistep biodiesel reaction shown in Figure 2.   
 
Note that in the mathematical model, the symbol TG’(t) represents the time derivative of the 
triglyceride concentration, dTG/dt. At 35°C and 0.5 weight percent KOH (on a percent weight of 
oil basis) they found the following rate constants with units of L/(mol min): k1=0.20, k2=0.98, 
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k3=1.67, k4= 2.18, k5=0.27, and k6=0.01 (sufficiently small that it has been omitted in the 
model). A Mathcad file that solves this model is available on the course website for your use.  
 
In your experiments you will use canola oil rather than sunflower oil, ethanol rather than 
methanol, and will only be able to follow overall reaction conversion by following the glycerol 
concentration with time. It will, therefore, be difficult, if not impossible, to fit all six rate 
constants to your data. Some researchers have suggested that it is advantageous to consider the 
methanolysis reaction in three stages: a brief initial mixing/mass transfer limited stage, an 
irreversible chemical reaction controlled stage, and a reversible equilibrium reaction controlled 
stage near the end [9]. These authors have further suggested that the pseudo 2nd order reaction: 
 
O’(t) = dO(t)/dt = -k O(t)2 
 
provides an approximate model for the overall reaction shown in Figure 1, at least in the middle 
stage. Others have suggested that the initial mass transfer controlled reaction is not observed in 
the production of ethyl esters [10].   
 
You will want to test this hypothesis using the Mathcad model of the reaction at 35°C. That is, 
use the multistep model results for concentration with time to test if a 2nd order model could fit 
those results and determine the pseudo 2nd order rate constant, k. You should consult a chemical 
reaction engineering text for information on how to fit reaction data to a 2nd order model. Note 
that in the 2nd order model for oil (O) of Equation 4 there is no accounting for DG or MG, and 
the total oil concentration, O, is used instead of TG. To compare the results of this simple model 
to those of the multistep Mathcad model that solves the equations in Figure 3, you will need to 
follow total oil, O=TG+DG+MG, as indicated in the multistep Mathcad model. 
 
For your lab exercise and final report, you will want to assume a pseudo 2nd order overall 
reaction and study the temperature dependence and evaluate an activation energy for canola oil 
conversion to BD with 0.5 weight % KOH and 6:1 ethanol to oil ratio. You will also want to 
discuss any mass transfer limitations of the reaction. For the pre-lab you should explain how you 
will study the temperature dependence, evaluate the activation energy, and study the mass 
transfer limitations. Densities and molecular weights for reactants and products are given in 
Table 1.  
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Table 1. Densities and molecular weights of canola biodiesel reactants and products [11]2. 
Component Density (g/ml) Molecular Weight (g/mol) 
canola oil 0.92 887.3 
ethanol 0.789 46.1 
glycerol 1.26 92.1 
biodiesel 0.88 297.1 
 
Summary of deliverables for your pre-lab report: 
 
1. Locate, copy, and read the MSDS for ethanol, KOH, and potassium ethoxide. 
 
2. Write a brief discussion of the safety precautions needed in handling and 
processing these materials and include a brief discussion of the safeguards we have 
included to conduct this reaction safely. 
 
3. Locate (on the web or elsewhere) a report of an accident involving a fire in 
biodiesel production. Write a brief summary of the accident and a discussion of what 
could have been done to prevent it.  
 
4. Use the data generated in the Mathcad file that solves the multistep biodiesel 
reaction mathematical model to test the validity of using a pseudo 2nd order rate equation 
for sunflower oil at 35°C, 0.5 weight % KOH, and 6:1 methanol to oil ratio. Report the 
pseudo 2nd order rate constant.  
 
5. Explain how you will study the temperature dependence and evaluate the 
activation energy for a pseudo 2nd order rate equation using canola oil in the lab.  
 
6. Explain how you will investigate any mass transfer limitations of the 
transesterification reaction in the lab.  
 
  
                                                 
2 Modified for ethanol 
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